Steady-state gene expression across the cell cycle has been studied extensively. However, transcriptional gene regulation and the dynamics of histone modification at different cell-cycle stages are largely unknown. By applying a combination of global nuclear run-on sequencing (GRO-seq), RNA sequencing (RNA-seq), and histonemodification Chip sequencing (ChIP-seq), we depicted a comprehensive transcriptional landscape at the G0/G1, G1/S, and M phases of breast cancer MCF-7 cells. Importantly, GRO-seq and RNA-seq analysis identified different cell-cycle-regulated genes, suggesting a lag between transcription and steady-state expression during the cell cycle. Interestingly, we identified genes actively transcribed at early M phase that are longer in length and have low expression and are accompanied by a global increase in active histone 3 lysine 4 methylation (H3K4me2) and histone 3 lysine 27 acetylation (H3K27ac) modifications. In addition, we identified 2,440 cell-cycle-regulated enhancer RNAs (eRNAs) that are strongly associated with differential active transcription but not with stable expression levels across the cell cycle. Motif analysis of dynamic eRNAs predicted Kruppel-like factor 4 (KLF4) as a key regulator of G1/S transition, and this identification was validated experimentally. Taken together, our combined analysis characterized the transcriptional and histone-modification profile of the human cell cycle and identified dynamic transcriptional signatures across the cell cycle.
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GRO-seq | nascent RNA | transcriptional regulation | epigenetics | cell cycle T he process of cell division is vital to the growth and development of an organism as a single fertilized cell develops into a mature organism and organs undergo cellular renewal or repair (1) (2) (3) . Tight control of molecular events during the cell cycle guarantees fidelity in preserving genetic information and the prevention of unwarranted cell division. The progression of the cell cycle involves well-orchestrated transcriptional and epigenetic controls (4) (5) (6) (7) . Dysregulation of this process can lead to various diseases, including cancer (8) (9) (10) . Because the proportion of actively dividing cells is considerably higher in cancers than in normal tissues, targeting the cell cycle is an attractive therapeutic option for cancer treatment (11, 12) .
Many proteins that carry out important functions during the cell cycle display a cyclic expression pattern that is often regulated on the transcriptional level (13, 14) . Because it has been shown that cell-cycle gene expression serves as a tumor signature (15) , extensive efforts have been devoted to identify periodically expressed genes across the cell cycle using microarray platforms (4, (16) (17) (18) (19) (20) . In addition, identification of the cell-cycle-regulated genes and follow-up mechanistic studies of individual genes have greatly advanced our understanding of cell-cycle progression and the development of diseases. For instance, the transcriptional regulation of cell-cycle genes was found to be governed by the RB-E2F, DREAM, and MMB-FOXM1 complexes (21) (22) (23) . However, analyses using microarray or RNA sequencing (RNA-seq) can identify only the accumulated, steady-state gene-expression level; the temporal regulation of transcriptional dynamics during the cell cycle remains elusive.
The nuclear run-on assay has long been used to investigate RNA polymerase activity and nascent RNA transcription for individual genes (24) . The global nuclear run-on followed by RNA sequencing (GROseq) assay enables the investigation of temporal transcription at a genome-wide scale (25) (26) (27) (28) . In addition, GRO-seq also can be used to analyze transcription from active regulatory sequences such as enhancers (29) . Recent studies have found that the loading of RNA polymerase II (Pol II) at enhancer regions can lead to widespread active transcription and production of enhancer RNAs (eRNAs) (30, 31) . Since then, eRNAs have been demonstrated to play important roles in regulating enhancer-promoter interactions and target gene transcription, rather than merely being transcriptional noises from enhancers (32) (33) (34) (35) . GRO-seq has been applied widely to study transcriptional regulation in a variety of biological systems but has not been explored in the context of the cell cycle (26, 29, 36) .
In this study, we used a combination of GRO-seq, RNA-seq, and histone-modification ChIP sequencing (ChIP-seq) to investigate transcriptional and epigenetic dynamics across the cell cycle. The multilevel data of nascent transcription, steady-state expression level, and chromatin status provide insights not only into genes periodically regulated during the cell cycle but also into the underlying regulatory mechanisms. Our data depict a comprehensive transcriptional and epigenetic landscape of the human cell cycle and will be a valuable resource for cell-cycle studies.
Significance
Our study provided a comprehensive view of the transcriptional landscape across the cell cycle. We revealed lag between transcription and steady-state RNA expression at the cell-cycle level and characterized a large amount of active transcription during early mitosis. In addition, our analysis identified thousands of enhancer RNAs and related transcription factors that are highly correlated with cell-cycle-regulated transcription but not with steady-state expression, thus highlighting the importance of transcriptional and epigenetic dynamics during cell-cycle progression.
Results

Mapping the Transcriptional and Epigenetic Landscape Across the Cell
Cycle. To investigate dynamic transcriptional and epigenetic gene regulation across the cell cycle, we performed GRO-seq (25) , RNAseq, and ChIP-seq of histone 3 lysine 27 acetylation (H3K27ac) and histone 3 lysine 4 methylation (H3K4me2), two histone modifications that mark promoters and enhancers, in the synchronized human breast cancer cell line MCF-7 (Fig. 1A) . The cells were synchronized to G0/G1 with hormone starvation, to G1/S with double thymidine treatment, and to early M phase with thymidine-nocodazole treatment (Materials and Methods). The degree of synchrony at each cellcycle stage was monitored by flow cytometry analysis of DNA content using propidium iodide staining (SI Appendix, Fig. S1 ) (37) . Nuclei were isolated from two biological replicates of the synchronized cells and were subjected to the GRO-seq procedure (Materials and Methods) for nascent RNA analysis. Total RNA from the same batch of synchronized cells was subjected to RNA-seq analysis to investigate steady-state expression levels. Chromatin profiling was conducted using replicated H3K27ac and H3K4me2 ChIP-seq at all three cellcycle stages.
Approximately 30-40 million reads were uniquely mapped to the human genome for each GRO-seq sample, and the biological replicates for each cell-cycle stage were highly correlated (SI Appendix, Table S1 ). Most reads (70%) align on the coding strand within the boundaries of annotated National Center for Biotechnology Information (NCBI) Reference Sequence (RefSeq) genes, and the typical bidirectional transcription at the transcriptional start site (TSS) was observed (SI Appendix, Fig. S2 and Table S1 ) (37) . Thirty million reads were uniquely mapped for each RNA-seq sample, more than 50% of which were mapped to the annotated RefSeq gene exons and UTRs (SI Appendix, Table S2 ). Fifteen to twenty million reads were uniquely mapped for each ChIP-seq sample, and the correlation between biological replicates was more than 0.96 (SI Appendix, Table S3 ).
GRO-Seq and RNA-Seq Identify Different Cell-Cycle-Regulated Genes.
To investigate the correlation between nascent transcription and steady-state expression levels, we compared the GRO-seq and RNAseq read counts for all the RefSeq annotated genes (Materials and Methods). Although the correlations between GRO-seq samples at different cell-cycle stages ranged from 0.89-0.99, and those of the RNA-seq samples ranged from 0.78-0.90, the correlations between GRO-seq and RNA-seq data were below 0.5 (SI Appendix, Fig. S3 ), indicating significant difference between newly synthesized and accumulated RNA levels. As an example, we plotted the histogram of GRO-seq and RNA-seq read counts for Centromere-associated protein E precursor (CENPE) (Fig. 1B) , a centrosome-associated mitotic kinesin (38) . Although the RNA-seq signal for CENPE is three-to fourfold higher at M phase than at G0/G1 and G1/S, the GRO-seq signal plateaus at G1/S (Fig. 1B) , suggesting a lag of RNA-seq in reflecting transcription at cell-cycle stages. This lagging effect was observed for most of the mitotic genes we curated from publicly available datasets profiling cell-cycle expression (Fig. 1C ) (16) (17) (18) (19) (20) .
To assess the dynamics of transcriptional regulation at different cellcycle stages, we identified genes differentially transcribed across the cell cycle. GRO-seq read counts for RefSeq genes at different cell-cycle stages were normalized using spiked-ins as described previously (39) , and the normalized read counts were subjected to DESeq2 analysis (SI Appendix, Fig. S4 ) (40) . Gene ontology (GO) analysis using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (41) was conducted on genes with significant [false-discovery rate (FDR) <0.01] differential transcription among cell-cycle stages (Fig.  1D , SI Appendix, Fig. S5 , and Dataset S1). Genes with higher transcription in G1/S than in G0/G1 and M phases were enriched for the GO term "M phase," suggesting that mitotic genes are actively transcribed in G1/S and accumulated at M phase. Importantly, most of the mitotic genes we curated (Materials and Methods) overlapped with genes in the M phase GO term and had the highest steady-state expression at M phase (Fig. 1C) . In addition, genes highly transcribed at G0/G1 were enriched in GO terms of "ribonucleotide binding" (SI Appendix, Fig. S5 ), suggesting that genes required for DNA synthesis at S phase are, at least in part, actively transcribed at G0/G1. Finally, genes with decreased transcription at G0/G1 compared with the G1/S and M phases were enriched in GO terms of "cytosolic ribosomes" and "organelles" (Fig. 1D and SI Appendix, Fig. S5 ), and the duplication of organelles and cytosolic components are the major activities at the G1 phase. Taking these results together, we observed a prevailing lag of mRNA abundance compared with gene transcription, suggesting that the transcriptional activation of genes precedes the accumulation of their transcribed products at the cell-cycle level. These results demonstrate well-orchestrated transcriptional dynamics during the cell cycle.
Active Transcription at Early Mitosis. To investigate further the dynamic pattern of transcription at different cell-cycle stages, we performed unsupervised k-means clustering of all the differentially transcribed genes in GRO-seq samples ( Fig. 2A) . Among the six dynamic transcription patterns, cluster 3 contains genes with highest transcription at M phase ( Fig. 2A) . The transcription complexes are in general inactivated and disassembled from chromatin during chromosome condensation in the prophase, and the mitotic phase is known for silence of transcription (42) . Although a fraction of transcription factors, including mixed-lineage leukemia (MLL), bromodomain containing 4 (BRD4), Forkhead box A1 (FOXA1), and GATA-binding protein 1 (GATA1), are retained on mitotic chromosomes, they are thought to facilitate rapid gene reactivation post mitosis (43) (44) (45) (46) . Our thymidine-nocodazole blocking followed by a shake-off method enriches cells at the early mitotic phase. The identification of genes with peak transcription at early M phase using GRO-seq was intriguing. Analysis of RNA-seq data revealed that this group of genes had the highest expression level at G0/G1 (SI Appendix, Figs. S6 and S7), consistent with a lag of RNA-seq in reflecting the transcription observed for the mitotic genes (Fig. 1C ).
Further inspection of the top differentially transcribed genes in cluster 3, such as TNS3 and LDLRAD4, found them to be of larger size (Fig. 2B ). We thus analyzed the length distribution of the genes in the six clusters. The one-tailed Wilcox rank sum test between each cluster pair showed that cluster 3 is significantly enriched for longer genes ( Fig.  2C and SI Appendix, Fig. S8A ). We then binned all differentially transcribed genes into 10 length intervals (with interval 1 containing the shortest genes and interval 10 containing the longest genes) and plotted the proportion of genes in each interval for the six clusters. More than 20% of the cluster 3 genes were in interval 10, compared with 6-11% of the genes in the other clusters (SI Appendix, Fig. S8B ). The longer genes had relatively lower transcription levels than shorter ones (Fig. 2D) .
To compare the transcription pattern of these long genes during the cell cycle, we plotted the GRO-seq signal along the gene body for the cluster 3 genes in the longest gene length interval (SI Appendix, Fig.  S8C ). Genes were equally divided into 50 bins from the TSS to cleavage/polyadenylation (CPA) site, and the average GRO-seq signal within each bin was summarized. Many of these genes had a strong GRO-seq signal at the TSS and a weak signal in the gene body at G0/ G1, indicating paused Pol II. Interestingly, as the cell cycle progressed the signal in the gene body became stronger, especially at M phase. To determine whether the strong GRO-seq signal observed at M phase is from paused or actively elongating Pol II, we reanalyzed publically available Pol II ChIP-seq data in mitotic HeLa cells treated with or without flavopiridol, which inhibits the transcription elongation factor P-TEFb and the release of promoter-proximal paused Pol II (47) . Flavopiridol treatment resulted in a significantly stronger Pol II signal at the promoter regions (SI Appendix, Fig. S9 ), suggesting that these Pol II were actively released in early mitotic cells without flavopiridol treatment. Collectively, our analysis identified genes actively transcribed at early M phase, which tend to be longer genes with lower expression.
H3K27ac and H3K4me2 Signals Increase Globally at Mitosis. Given the importance of changes in chromatin structure during the cell cycle (48-50), we performed histone-modification ChIP-seq of H3K4me2 and H3K27ac to investigate chromatin dynamics across the cell cycle. When normalized to same sequencing depth, the peak numbers at different cell-cycle stages were very similar (SI Appendix, Table S3 ). In addition, the correlations of the ChIP-seq signal among different cell-cycle stages were very high (SI Appendix, Figs. S10 and S11), indicating that the local histone-modification states were remarkably stable despite the dramatic changes in chromosome organization across the cell cycle (5).
We then grouped genes into high, medium, and low categories based on the expression level calculated from RNA-seq data and plotted the normalized tag counts from the histone marks ChIP-seq data at promoter regions (TSS ± 1 kb). Consistent with a previous report (51) , both H3K4me2 and H3K27ac were positively correlated with gene-expression level (SI Appendix, Fig. S12 A and B) . A similar trend was observed when genes were grouped based on the transcription level calculated from GRO-seq data (SI Appendix, Fig. S12 A and B). We then sought to determine whether the differential transcription across the cell cycle was correlated with changes in local histone-modification states. Intriguingly, when normalized to the same sequencing depth, the H3K4me2 and H3K27ac signals were much stronger at M phase for all the differentially transcribed genes, regardless of their transcription patterns across the cell-cycle stages ( To investigate whether this correlation results from the global increase of the histone modifications at M phase, we plotted the ChIPseq signal at the union of peaks identified from all the samples and indeed found both the H3K4me2 and the H3K27ac signals were significantly higher at M phase (Fig. 3C) . We then performed Western blot analysis of H3K4me2 and H3K27ac at different cell-cycle stages. When normalized to total H3 or tubulin, the protein levels of modified H3 were higher at M phase than at the G0/G1 and G1/S phases (Fig.  3D) , as was consistent with the ChIP-seq signals.
Identification of Cell-Cycle-Regulated eRNAs. Pol II and many other transcription factors associate with a large number of enhancers marked by H3K4me1 and H3K27ac and produce noncoding eRNAs that have been demonstrated to play an important role in transcriptional regulation (30, 31) . Therefore we sought to determine whether there were cell-cycle-regulated eRNAs and to identify their role in cell-cycle progression. To this end, we developed a computational pipeline to characterize cell-cycle-regulated eRNAs (Fig. 4A) . H3K27ac ChIPseq peaks at different cell-cycle stages were merged, and promoter regions were filtered out, leaving ∼50,000 peaks as potential active enhancers. Because eRNAs are often transcribed bidirectionally from enhancer regions (31), we applied a sliding window approach to identify enhancer regions with bidirectional transcription (Fig. 4B) . This analysis identified a total of 4,922 eRNAs, 2,440 of which were differentially transcribed at different cell-cycle stages (Fig. 4C) .
To investigate the role of eRNAs in transcriptional regulation and cell-cycle progression, we analyzed the correlation between differentially transcribed eRNAs and genes. Binding and Expression Target Analysis (BETA) software (52) was used to reveal a relationship between eRNAs and genes. Accordingly, a strong correlation was identified between eRNAs and differentially transcribed genes as determined by GRO-seq ( Fig. 4D and SI Appendix, Fig. S13 ). Similar analysis performed with RNA-seq data found much weaker correlation between the eRNAs and differentially expressed genes (SI Appendix, Fig. S14 ), further emphasizing the advantage of analyzing temporal transcription regulation from GRO-seq rather than analyzing steady-state gene expression from RNA-seq.
Analysis of eRNAs Identifies Kruppel-Like Factor 4 KLF4 as a Key
Regulator of G1/S Transition. After confirming the correlation between cell-cycle-regulated eRNAs and genes, we sought to identify Fig. S15 ). This analysis identified motifs of multiple transcription factors including Kruppel-like factor 4 (KLF4), which ranked top in the eRNA regions that are highly transcribed at G0/G1 (Fig. 5A and SI Appendix, Table S4 ). KLF4 is important in cell-cycle control, cellular differentiation, and carcinogenesis (53) (54) (55) . We then compared published KLF4 ChIP-seq peaks (56) with eRNAs and found that KLF4 binding was enriched in eRNA regions with peaked transcription at G0/G1 (Fig. 5B and SI Appendix, Fig. S16 ). In addition, GRO-seq revealed that the KLF4 transcription level was high at G0/G1 and decreased at the G1/S and M phases (Fig. 5C) . A more dramatic decrease was observed at the protein level through Western blotting (Fig. 5D) . To evaluate the role of KLF4 in cell-cycle progression, we silenced KLF4 by siRNAs in MCF-7 cells. FACS analysis showed a significant increase in the proportion of cells at S phase (Fig. 5E ). Moreover, cell-proliferation analysis showed that silencing KLF4 promotes MCF-7 cell growth (Fig. 5F ). Together the results indicate that KLF4 has an important role in blocking G1/S transition. Because transcription factors function by regulating the transcription of specific gene targets, we aimed to identify a KLF4-dependent gene signature that modulates this G1/S transition through the regulation of eRNAs. BETA analysis identified 10 potential KLF4 direct target genes, six of which were significantly down-regulated upon silencing of KLF4 (Fig. 5G) . Among the six genes down-regulated by KLF4 silencing, KRT19 has been reported to suppress cell proliferation, and silencing of KRT19 leads to an increased proportion of cells at S phase (57) . On the other hand, CCND1, a gene with decreased expression at S phase, is a well-characterized cell-cycle regulator that promotes the G1/S transition (58), and NEAT1 and HSPB1 have been reported to promote the proliferation of breast cancer cells (59, 60) . Thus the exact mechanism by which KLF4 controls G1/S transition is unclear and warrants further investigation.
Discussion
In this study, we systematically investigated transcriptional and epigenetic dynamics during the cell cycle by analyzing GRO-seq, RNAseq, and histone marks ChIP-seq data at G0/G1, G1/S, and M phases in the MCF-7 breast cancer cell line. Our study revealed (i) a lag between transcription and steady-state RNA expression at the cellcycle level; (ii) a large amount of active transcription during early mitosis; (iii) a global increase in active histone modifications at mitosis; (iv) thousands of cell-cycle-regulated eRNAs; and (v) dynamic eRNAs bound by transcription factors such as KLF4 that regulate cellcycle progression.
Steady-state mRNA abundance is influenced by a few factors, including transcription, RNA processing, maturation, and degradation. Therefore, measuring steady-state mRNA levels by microarray or RNA-seq techniques may not accurately reflect active transcription. Indeed, GRO-seq and 4-thiouridine metabolic labeling followed by sequencing (4sU-seq) analyses that measure nascent transcription have revealed a broad inconsistency between transcription rate and mRNA levels (25, 28, 61, 62) . Specifically, there is a delay in steady-state expression reflecting the transcription and mass production of rapidly degraded transcripts that are not detectable at the steady-state expression level. Most of the previous nascent transcription analyses were performed with unsynchronized cells or with synchronized cells within a short time window that was insufficient to cover multiple cell-cycle stages (26, 28, 29, 32, 35, 36, 62) . Importantly, our GRO-seq and RNA-seq analysis at different cell-cycle stages revealed a lag between active transcription and steady-state expression during the cell cycle. The RNA degradation rate has been considered the most prominent measurable factor that contributes to the lag between transcription and accumulated RNA levels. Recent studies demonstrated that the halflives of mammalian genes range from less than 1 min to more than 3 h (61, 62) . In agreement with these observations, our data showed that mitotic genes are most highly transcribed at G1/S, and the genes most highly transcribed at M phase are more abundant at G0/G1, suggesting that these genes have an extremely long half-life. Mitotic chromatin is transcriptionally inactive in general, and even ongoing transcriptions are aborted to ensure the integrity of the separating chromosomes (63) . However, exceptions have been found in which the promoter of the cyclin B1 gene maintains an open chromatin configuration, and the gene is actively transcribed during mitosis (64) . Recently, additional large-scale studies have revealed that part of the mitotic chromatin remains accessible to Pol II and transcription factors such as MLL, BRD4, GATA1, FOXA1, and AR (43) (44) (45) (46) 65) . Our GRO-seq data showed that although CCNB1 transcription peaks at G1/S, strong nascent transcription was observed at M phase. More interestingly, we identified a group of genes with a transcription peak at M phase. The observation that this group was enriched for unusually long genes made us hypothesize that the GRO-seq signal was from the incomplete transcription from previous stages (66) . We therefore compared the GRO-seq signal along the gene body to identify the longest quarter of genes with the highest GRO-seq signal at M phase. If the hypothesis is correct, we should be able to observe a GRO-seq signal pattern shifted from the TSS toward the CPA site during the cell-cycle progression from G0/G1 to M phase. Our analysis revealed a uniform distribution of signal along the gene body for most genes. In addition, reanalysis of publically available Pol II ChIP-seq data in early mitotic cells pretreated with and without flavopiridol (47) confirmed that Pol II is actively engaged at the TSS of these genes. Together, the results suggested that the high GRO-seq signal of these genes arose from active transcription at early M phase rather than from incomplete transcription at the G0/G1 and G1/S phases. Importantly, Liang et al. (47) recently reported mitotic transcriptional activation as a mechanism to clear actively engaged Pol II from mitotic chromatin; this mechanism is consistent with our observation of active transcription at early mitotic cells.
In support of active transcription at M phase, we observed extremely stable chromatin states marked by active histone modifications H3K4me2 and H3K27ac across different cell-cycle stages. In addition, the total H3K4me2 and H3K27ac levels increased significantly at M phase. Previous studies have identified mitotic-specific H4K20 methylation and the dynamics of H3K36 and H3K27 methylations across the cell cycle (67) (68) (69) . The functional role of posttranscriptional histone modifications in the cell cycle is still largely unknown and warrants further analysis. It is worth noting that these observations were made in cancer cells with uncontrolled cell division; these cells may differ from normal cells with more stringent cell-cycle regulation (70) . Future studies are warranted to explore the mechanisms underlying the active transcription during mitosis in normal and cancer cells.
Taken together, our analyses identified thousands of eRNAs and related transcription factors that are highly correlated with cell-cycleregulated transcription but not with steady-state expression, thus highlighting the importance of transcriptional and epigenetic dynamics during cell-cycle progression. Overall, our study provides a comprehensive view of transcriptional landscape across the cell cycle and deepens our understanding of transcriptional dynamics during cell cycle. Future studies combining transcription, expression, and proteomics data at more detailed time courses are warranted to provide a more comprehensive view of cell-cycle regulation.
Materials and Methods
Cell Culture and Synchronization. The MCF-7 cells were obtained from ATCC and were cultured in DMEM medium supplemented with 10% (vol/vol) FBS, 1% penicillin-streptomycin, and 1% glutamine in a 5% (vol/vol) CO 2 humidified incubator. Cells were synchronized to G0/G1, G1/S, and M phase with hormone starvation, thymidine double treatment, and thymidinenocodazole treatment, respectively. For detailed operations, see SI Appendix, Supplemental Methods.
GRO-Seq Library Construction. Nuclear run-on experiments (SI Appendix, Supplemental Methods) were performed as described previously (25) . The resultant RNA was purified further with the TURBO DNA-free kit (AM1907; Life Technologies) to remove residue DNA contamination. Libraries then were constructed with the Encore Complete RNA-Seq DR Multiplex System 1-8 (0333-32; NuGEN Technologies, Inc.) and were sequenced to 50 bp with an Illumina HiSeq machine.
Additional experimental procedures and methods are described in SI Appendix, Supplemental Methods.
Availability of Data and Material. MCF-7 GRO-seq, RNA-seq, ChIP-seq, and DNase-seq raw sequence tags and processed bed files have been submitted to the National Center for Biotechnology Gene Expression Omnibus (GEO) database under accession no GSE94479. Dataset S1: file "Dataset S1.xls" contains complete lists of GO terms enriched in differentially transcribed genes at different cell cycle stages. Terms with FDR less than 0.01 are included for each comparison.
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